Prenatal undernutrition and low birth weight are associated with risk of type 2 diabetes and obesity. Prenatal caloric restriction results in low birth weight, glucose intolerance, obesity, and reduced plasma bile acids (BAs) in offspring mice. Because BAs can regulate systemic metabolism and glucose homeostasis, we hypothesized that BA supplementation could prevent diet-induced obesity and glucose intolerance in this model of developmental programming. Pregnant dams were food restricted by 50% from gestational days 12.5 to 18.5. Offspring of both undernourished (UN) and control (C) dams given unrestricted diets were weaned to high-fat diets with or without supplementation with 0.25% w/w ursodeoxycholic acid (UDCA), yielding four experimental groups: C, UN, C + UDCA, and UN + UDCA. Glucose homeostasis, BA composition, liver and intestinal gene expression, and microbiota composition were analyzed in the four groups. Although UDCA supplementation ameliorated diet-induced obesity in C mice, there was no effect in UN mice. UDCA similarly lowered fasting insulin, and improved glucose tolerance, pyruvate tolerance, and liver steatosis in C, but not UN, animals. BA composition differed significantly, and liver and ileal expression of genes involved in BA metabolism (Cyp7b1, Shp) were differentially induced by UDCA in C vs UN animals. Bacterial taxa in fecal microbiota correlated with treatment groups and metabolic parameters. In conclusion, prenatal undernutrition alters responsiveness to the metabolic benefits of BA supplementation, with resistance to the weight-lowering and insulin-sensitizing effects of UDCA supplementation. Our findings suggest that BA metabolism may be a previously unrecognized contributor to developmentally programmed diabetes risk. (Endocrinology 158: 2441(Endocrinology 158: -2452(Endocrinology 158: , 2017 
L ow birth weight, a marker for undernutrition (and other forms of stress) in utero, is associated with later risk of insulin resistance, type 2 diabetes, and cardiovascular disease (1) (2) (3) . Chronic disease risk can be further exacerbated by postnatal obesogenic diet (4) . The dual burden of undernutrition and obesity represents a major health challenge in low-and middle-income countries, where large populations experience suboptimal prenatal nutrition, but are increasingly exposed to calorie-dense Western diets (5).
We have previously described a mouse model of prenatal nutritional programming of postnatal metabolism. Caloric restriction of ICR mouse dams during pregnancy results in low birth weight, adiposity, and glucose intolerance in offspring (6) , in parallel with dysfunction in multiple organs, including adipocyte hypertrophy, impaired muscle stem cell function, and dysregulated insulin secretion (6) (7) (8) (9) . Another feature of our model is a thrifty metabolism, in which prenatal stress results in impaired mitochondrial metabolism, with protection from weight loss in the face of caloric restriction during adult life (10) .
A rapidly evolving body of literature has established that bile acids function as pivotal regulators of systemic metabolism. For example, bile acid-binding resins improve insulin resistance and obesity (11, 12) , and bile acid composition is altered in individuals with type 2 diabetes (13) . Serum bile acids are higher after gastric bypass surgery (14, 15) , and bile acid signaling through FXR (16) , TGR5 (17) , and endoplasmic reticulum stress pathways (18) may contribute to the metabolic improvements following such procedures. Moreover, bile acid supplementation increases muscle and brown adipose tissue thermogenesis in both mice and humans (19, 20) . Less is known about the impact of bile acids on the growth and metabolism of infants. However, infants born either preterm or small for gestational age (both risk factors for later development of insulin resistance) manifest altered bile acid composition and increased plasma bile acids in the perinatal period, raising the possibility that low birth weight infants may have altered enterohepatic circulation or altered responsiveness to bile acids (21, 22 ). In the current study, we use a mouse model of prenatal undernutrition to examine how bile acids contribute to developmentally programmed disease susceptibility.
Materials and Methods

Animals and husbandry
We used a model of fetal programming developed in our laboratory (6) ; the model uses the ICR outbred mouse strain, chosen because of its large litter size and infrequent infanticide after being subjected to gestational undernutrition, as compared with other mouse strains. This late-gestation undernutrition model has been used by several groups in mice (23) (24) (25) and rats (26) and has been well described to contribute to impaired glucose tolerance and obesity in adulthood (6, 8, 10, 26) .
Adult (6-to 8-week-old) ICR females were caged with ICR males, and pregnancies were dated by the presence of a vaginal plug (day 0.5). Pregnant dams had ad libitum access to a standard mouse chow (Purina 9F; Purina Mills, St. Louis, MO) with 23% of kcal from protein, 21% from fat, and 56% from carbohydrate. On a per-gram basis, this diet contains 21.5% protein and 9% fat.
On day 12.5, pregnant females were randomly assigned to either control (C) or undernourished (UN) groups. UN dams were food restricted by 50% from days 12.5 to 18.5 (calculated from intake in gestational day-matched controls). The food ration was given between 9 and 11 AM, and mice typically began consumption immediately. By contrast, mice fed ad lib generally ate during the dark cycle (7 PM to 7 AM). Dams were returned to ad lib chow diet upon delivery and were allowed unrestricted access to food throughout the lactation period until weaning at 3 weeks.
At birth, litters were equalized to eight pups per dam by removing the heaviest and lightest mice. At 3 weeks, pups were weaned to a 45% high-fat diet [(HFD) No. D12451; Research Diets, New Brunswick, NJ] with or without ursodeoxycholic acid [(UDCA) No. U5127; 0.25% w/w; Sigma-Aldrich, St. Louis, MO) and given these diets for 16 weeks. This experimental diet contained 20% of calories from protein (casein), 35% from carbohydrates (corn starch, maltodextrin, and sucrose), and 45% of calories from fat (lard and soybean oil). On a per-gram basis, this diet consists of 24% protein, 41% carbohydrate, and 24% fat. Cholesterol content was 195.5 mg/kg.
We chose to supplement the diets with UDCA after pilot studies in male C57BL/6J mice demonstrated that UDCA is well tolerated, tends to increase plasma bile acid levels, and reduces plasma glucose and insulin levels without hepatotoxicity, whereas supplementation with cholate (0.1% or 0.25%) was associated with increased alanine aminotransferase levels (Supplemental Fig. 1) . Thus, the design yielded four treatment groups, as follows: C (control offspring, HFD without UDCA), C + UDCA (control offspring, HFD with UDCA), UN (undernourished offspring, HFD without UDCA), and UN + UDCA (undernourished offspring, HFD with UDCA) [see Experimental Scheme in Fig.  1(a) ]. Only males were studied because metabolic phenotypes following our prenatal undernutrition protocol are more pronounced in this sex. Mice were housed in a National Institutes of Health Office of Laboratory Animal Welfare-approved vivarium, with controlled temperature, humidity, and light-dark cycle (7 AM to 7 PM). All protocols were approved by the Joslin Institutional Animal Use and Care Committee and were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Metabolic assessments
Resting energy expenditure, VO 2 , VCO 2 , food intake, and activity level were measured in metabolic cages (CLAMS, Columbus, OH) in the Joslin Animal Physiology Core; VO 2 and VCO 2 were normalized to lean body mass assessed by dualenergy x-ray absorptiometry (GE Lunar; GE Healthcare, Chicago, IL). Glucose and insulin tolerance were assessed by oral glucose tolerance test (GTT; 2 g/kg glucose via gavage), or by intraperitoneal insulin tolerance test [ Plasma metabolites were assayed using liquid chromatography (LC)-mass spectroscopy (MS) (Metabolon, Inc., Durham, NC), as described (27) . Plasma levels of bile acid species were measured in 3-week-old mice by high-performance LC tandem MS and quantified using deuterium-labeled standards (28) . Total plasma bile acid levels were measured in 11-week-old mice using a colorimetric kit (Diazyme Laboratories, Inc., Poway, CA; No. DZ042A-K01). Bile acid pool composition in 16-week-old mice was measured by high-performance LC (29) . Triglycerides were measured in liver using chloroform/methanol lipid extraction, followed by a colorimetric assay (Cayman Chemical, Ann Arbor, MI; No. 10010303).
Quantitative real-time polymerase chain reaction 
16S ribosomal RNA analyses of fecal samples
Fecal samples were collected and stored at 280°C. DNA was isolated by bead beating in phenol/chloroform, purified (QIAquick column; Qiagen, Germantown, MD), and quantified (Qubit; Thermo Fisher Scientific) for sequencing, as previously described (30) . Briefly, barcoded primers 515F and 806R were used to generate polymerase chain reaction amplicons covering the V4 region of bacterial 16S ribosomal RNA (rRNA) genes present in the fecal samples. Multiplex sequencing of pooled amplicons with sample-specific barcodes was performed using an Illumina MiSeq instrument (250-bp paired-end reads). Reads were trimmed in silico to 200 bases to retain the highest-quality base calls, assembled using FLASH v1.2.11, and demultiplexed in QIIME v1.9.0 (31). The 16S rRNA sequence datasets were first analyzed using open-reference operational taxonomic unit (OTU) picking [97% identity (ID) OTUs, uclust-ref against the Greengenes reference database]. For all subsequent analyses, OTU tables were rarefied to 10,000 reads per sample and filtered to retain only those OTUs with relative abundances in fecal microbiota .0.1% in at least 7 of 130 (5.4%) samples sequenced. Taxonomies were assigned using RDP classifier 2.4 trained on the manually curated Greengenes database Isolated named strains 16S. Principal coordinates analysis was performed using unweighted UniFrac and the QIIME software package (version 1.9). To identify bacterial OTUs associated with the different treatment groups after 2, 4, and 16 weeks of UDCA treatment, we performed an indicator species analysis using the "indicspecies" package in R (32) . In this analysis, we tested for OTUs positively associated (more prevalent or more frequently detected) with particular treatment groups or pairs of treatment groups. Spearman 
Statistics
Data are expressed as mean 6 standard error of the mean. For two-group analyses, statistical analysis was performed using a two-tailed, unequal variance Student t test. For fourgroup analyses, we performed two-way analysis of variance (ANOVA) examining effects of prenatal nutritional status, postnatal UDCA, and the interaction of the two factors. For those models in which the interaction had a significant effect (P , 0.05), we next performed Tukey-Kramer tests (JMP Pro 12; SAS). P , 0.05 was considered statistically significant. Glucose area under the curve values during GTT, ITT, and PTT were calculated using the trapezoidal integration method. For plasma metabolomics data, undetectable values were replaced by half the minimum value detected for each metabolite; raw metabolite abundances were log transformed to minimize the effect of outliers; and differences were analyzed using fold changes, t tests, and false discovery rates (www.MetaboAnalyst. ca) (33) . For analysis of differentially abundant OTUs and Spearman correlations of OTUs and metabolic parameters, P , 0.05 after correction for false discovery rate was considered significant.
Results
Prenatal undernutrition reduces plasma bile acids in weanling mice
Pregnant ICR mice were food restricted by 50% during pregnancy days 12.5 to 18.5, reducing birth weight by 10% in UN offspring compared with C [Supplemental Fig. 2(a) ]. Untargeted LC-MS analysis of plasma obtained from 3-week-old weanling mice yielded 266 identified metabolites, 20 of which had levels that were significantly different between C and UN animals (Supplemental Table 1 ; P , 0.05, t test; n = 11 to 12 mice per group). Among these 20 metabolites, two bile acid species, b-muricholate and deoxycholate, were reduced .twofold in UN [P , 0.05; Fig We next performed quantitative targeted LC-MS analysis of bile acid composition in an independent cohort of 3-week-old weanling mice, which similarly revealed that total bile acids were significantly reduced in UN compared with C animals (P = 0.03), as were levels of cholate-and muricholate-related bile acids [ Fig. 1(d) and 1(e); Supplemental Table 2 ].
UDCA supplementation protects control, but not prenatally undernourished, mice from diet-induced obesity UDCA has been used clinically in humans with primary biliary cirrhosis and other hepatobiliary diseases (34, 35) , and has been shown to improve glucose tolerance and hepatic steatosis in mice and humans (36) (37) (38) . Moreover, our pilot studies demonstrated that UDCA reduced glucose and insulin without hepatotoxicity [in contrast to cholic acid, which resulted in higher alanine aminotransferase levels (Supplemental Fig. 1)] . We therefore chose UDCA for supplementation experiments in our preclinical model. After weaning at 3 weeks, UN or C mice were fed a HFD (45% calories from fat) with or without 0.25% w/w UDCA for 16 weeks [ Fig. 1(a) ]. Body weight was similar at the onset of supplementation, and food intake was similar across the four groups [Supplemental Fig. 2 (b) and 2(c)]. By the eighth week of supplementation (11 weeks of age), significant body weight differences between C and C + UDCA emerged, with 7.2% reduction in body weight (P = 0.01). C + UDCA mice maintained a significantly lower average body weight than that of untreated controls from 8 to 14 weeks (P , 0.05), whereas no differences in weight between UN + UDCA and untreated UN mice were observed throughout the experiment [ Fig. 2 (a) and 2(b)]. We found no effects of UDCA treatment on oxygen consumption (VO 2 ) or CO 2 production, but did note reduced respiratory quotient in both UDCA-treated and untreated UN offspring during fasting, suggesting preferential utilization of fat [Supplemental Fig. 3(a-c) ].
Insulin sensitivity is improved by UDCA supplementation in C, but not UN, offspring
To test whether UDCA altered glucose homeostasis, we performed oral GTTs 14 weeks after initiation of the experimental diets. Glucose area under the curve during oral GTT did not differ among the four groups, which is similar to our previous findings (using standard chow rather than HFD) that glucose intolerance in the UN model typically emerges after 6 months of age (6) [Fig. 2(c) ].
UDCA supplementation reduced both fasting and glucose-stimulated insulin levels in C, but not UN, animals. Fasting insulin levels were threefold lower in C + UDCA mice vs C mice, with a significant interaction of UDCA supplementation and prenatal nutritional status [ Fig. 2(d) ]. Similarly, glucose-stimulated insulin levels (30-minute postgavage) were lower in C + UDCA, as compared with all other groups [ Fig. 2(d) ]. Given that glucose and insulin levels were not modified by UDCA in UN mice, we concluded that UN mice were resistant to the benefits of UDCA treatment observed in the C animals, as Figure 2 . Effects of bile acid supplementation on diet-induced obesity, glucose homeostasis, and insulin sensitivity. Weight gain on experimental diets in (a) control and (b) UN offspring. Males, 11 to 12 per group (three to five litters per group); HFD with or without UDCA (as indicated) begun at age 3 weeks, *P , 0.05 by t test. (c) Oral GTT, 2 mg/kg glucose gavage. *P = 0.005 for 120-minute time point, two-way ANOVA; significant effect of prenatal nutrition (P = 0.01) and interaction of prenatal condition and postnatal UDCA [P(interaction) = 0.01]. Untreated controls are statistically different from all other groups at 120 minutes (Tukey-Kramer P , 0.05). (d) Fasted insulin levels and insulin levels 30 minutes after oral glucose gavage (2 mg/kg). Fasted: two-way ANOVA, P = 0.02; interaction of prenatal condition and postnatal UDCA, P = 0.02. Thirty minutes: two-way ANOVA, P = 0.01; significant effect of prenatal condition, P = 0.004. (c and d) Males, age 17 weeks (14 weeks of experimental diet), n = 6 per group, two litters per group. (e) Insulin tolerance test (1 U/kg, intraperitoneal). Males, age 11 weeks (8 weeks of experimental diet); n = 11 to 12 per group, three litters per group. Fifteen minutes: two-way ANOVA, P = 0.02; P(prenatal) = 0.02; P(interaction) = 0.04; 30 minutes: two-way ANOVA, P = 0.02; P(prenatal) = 0.01; P(interaction) = 0.04; 60 minutes: two-way ANOVA, P = 0.007; P(prenatal) = 0.003; P(interaction) = 0.053; area under the curve: two-way ANOVA, P = 0.049; P(UDCA) = 0.04; P(prenatal) = 0.07. (f) Pyruvate tolerance test (1.5 mg/kg, intraperitoneal). Males, age 15 weeks (12 weeks of experimental diet); n = 6 per group, two litters per group. Thirty minutes: two-way ANOVA, P = 0.05; P(interaction) = 0.03; 60 minutes: two-way ANOVA, P = 0.01; P(prenatal) = 0.006; 120 minutes: two-way ANOVA, P = 0.047; P(prenatal) = 0.035; P(UDCA) = 0.08; area under the curve: two-way ANOVA, P = 0.02; P(prenatal) = 0.015; P(interaction) = 0.1. *Denotes two-way ANOVA, P , 0.05. Tables embedded in the figures summarize results of two-way ANOVA, which tested for effects of prenatal nutrition group, UDCA treatment, and the interaction between the two. *P , 0.05 and **P , 0.01 for the two-way ANOVA, or for each of the factors, as indicated. AUC, area under the curve. doi: 10.1210/en.2017-00288 https://academic.oup.com/endomeasured by improved glucose metabolism and decreased insulin levels in the context of a HFD. We next examined the effects of prenatal undernutrition and postnatal UDCA on systemic and hepatic insulin sensitivity. ITT revealed that C + UDCA animals had the lowest glucose levels after intraperitoneal insulin injection; prenatal nutrition status significantly interacted with UDCA treatment at 15 and 30 minutes. We observed no change in the UN animals with UDCA treatment [ Fig. 2(e) ]. Because hepatic insulin resistance can be associated with increased gluconeogenesis, we assessed gluconeogenic responses to pyruvate. C + UDCA mice also had the lowest glucose levels after pyruvate injection, consistent with reduced gluconeogenesis and improved hepatic insulin sensitivity. Glucose levels 30, 60, and 120 minutes after pyruvate injection, and the area under the glucose curve, differed across the four groups, with significant interactions between prenatal condition and postnatal UDCA at 30 minutes [ Fig. 2(f) ]. However, hepatic expression of genes involved in gluconeogenesis was largely unaltered across the four groups, except for Pepck, which was highest in the C + UDCA group (Supplemental Fig. 4) . We concluded that UDCA improves insulin sensitivity in HFD-fed control mice, but this effect is blocked by prenatal undernutrition.
Given that UDCA treatment reduced body weight and improved insulin sensitivity in control mice, we next examined levels of adipokines. Although plasma adiponectin and interleukin-6 did not differ across the four treatment groups, leptin and tumor necrosis factor a (TNF-a) were highest in the UN group, with a significant interaction of prenatal nutrition and postnatal UDCA on TNF-a (leptin, two-way ANOVA, P = 0.0037; TNF-a, two-way ANOVA, P = 0.048; Supplemental Table 3 ). Proinflammatory cytokines were not significantly lower in the C + UDCA group, which exhibited the greatest improvement in insulin sensitivity. We concluded that effects of UDCA on insulin sensitivity were independent of adipokines.
Effects of UDCA treatment on bile acid pools and metabolism
Bile acid modulation of gluconeogenic responses and insulin sensitivity suggests a robust effect on hepatic metabolism. We therefore evaluated the impact of UDCA treatment on lipids and hepatic gene expression. Plasma cholesterol was significantly reduced with UDCA treatment, independent of prenatal nutritional status [P(ANOVA) = 0.003; Supplemental Table 3 ]. No differences in plasma triacylglycerides, free fatty acids, or b-hydroxybutyrate were observed. The effect of UDCA on liver lipid accumulation was more pronounced in C animals; liver triacylglycerides were reduced by 60% in C + UDCA vs C, and there was a significant interaction between prenatal nutrition and postnatal UDCA [P = 0.046; Fig. 3(a) and 3(b) ]. Quantitative reversetranscription polymerase chain reaction assays of liver RNA disclosed that UDCA supplementation changes expression of several genes involved in the regulation of lipid metabolism independent of prenatal nutrition status (e.g., Hmgcr, the rate-limiting enzyme in cholesterol synthesis, is significantly increased in both C and UN [P(ANOVA) = 0.0003]), whereas expression of Srebf, a key regulator of lipogenesis, Scd1, an enzyme essential for de novo lipogenesis, and Mcad, which catalyzes the first step in fatty acid b-oxidation, is reduced in both the C and UN UDCA-supplemented groups [Srebf: P(ANOVA) = 0.008; Scd1: P(ANOVA) = 0.04; Mcad: P(ANOVA) , 0.0001; Fig. 3(c) ].
UDCA supplementation produced a trend toward increased fasting plasma total BA levels at 11 weeks of age, with a similar effect size in both C and UN animals [ Fig. 3(d) ]. Although the total bile acid pool did not differ in absolute size [ Fig. 3(e) ], nor when normalized to the animal's body weight [Supplemental Fig. 5(a) ], bile acid composition differed markedly across the four groups. Untreated UN mice had the highest levels of taurocholate, and the lowest levels of tauro-ursodeoxycholate and taurochenodeoxycholate, with significant interactions of prenatal nutrition and postnatal UDCA on abundance of taurocholate, tauro-ursodeoxycholate, and taurochenodeoxycholate [ Fig. 3 Cyp7a1, the rate-limiting enzyme for bile acid synthesis, was reduced by UDCA in both the C and UN groups [P(ANOVA) = 0.0004] [ Fig. 3(f) ], whereas expression of Cyp7b1, an enzyme involved in alternative pathway bile acid synthesis, was significantly increased in C + UDCA, but not in UN + UDCA [P(ANOVA) = 0.004, P(interaction) = 0.02]. These findings raise the possibility that differences in UDCA-triggered upregulation of Cyp7b1 might contribute to differences in bile acid composition across the four groups, although we did not directly measure the products of Cyp7b1 (i.e., 6-or 7-hydroxysteroids and oxysterols). We found no significant differences in liver expression of the bile acid receptor Fxr, or in Shp, an inhibitor of nuclear receptor signaling [Supplemental Fig. 6(e) ]. By contrast, expression of Shp in the ileum was markedly upregulated by UDCA in prenatally undernourished mice, but not in controls [P(ANOVA) = 0.002, P(interaction) = 0.02; Fig. 3(g) ]. Ileal expression of Fgf15, a major repressor of Cyp7a1 activity and bile acid synthesis (39) , also tended to be upregulated by UDCA in both C and UN mice [ Fig. 3(g) ].
Together, these data demonstrate that expression of messenger RNAs encoding key regulators of bile acid metabolism and responsiveness is differentially induced by UDCA, depending on prenatal nutritional status.
Effects of prenatal undernutrition and UDCA supplementation on microbiota configuration
Given that the gut microbiota can influence bile acid metabolism, weight gain, and insulin resistance, we examined effects of UDCA treatment on microbiota configuration in both C and UN offspring. We sequenced bacterial 16S rRNA genes in 130 fecal samples collected from C and UN mice 2, 4, and 16 weeks after initiating the experimental diets (i.e., at 5, 7, and 19 weeks of age), Hmgcr: two-way ANOVA, P = 0.0003; significant effect of UDCA, P , 0.0001. Scd1: two-way ANOVA, P = 0.04; significant effect of UDCA, P = 0.007. Srebf: two-way ANOVA, P = 0.007, significant effect of UDCA, P = 0.0006. Mcad: two-way ANOVA, P , 0.0001, significant effect of UDCA, P = 0.0001; significant effect of prenatal condition, P = 0.01. Males, age 19 weeks (16 weeks of experimental diet); n = 8 to 11 per group, three to five litters per group. (d) Plasma total bile acids in the fasted state. Males, age 11 weeks, n = 4 to 5 per group, two litters per group. (e) Composition of the bile acid pool, expressed as absolute abundance (mmol/L) in liver, gallbladder, and small intestine. n = 4 to 7 per group, two to three litters per group, males, age 19 weeks. Tauro-ursodeoxycholate (TUDC): two-way ANOVA, P , 0.0001; effect of UDCA, P , 0.0001; interaction of prenatal condition and UDCA, P = 0.002. Taurochenodeoxycholate (TCDC): two-way ANOVA, P = 0.0004; effect of UDCA, P = 0.0004; interaction of prenatal condition and UDCA, P = 0.03. Taurocholate (TC): two-way ANOVA, P , 0.0001; effect of UDCA, P , 0.0001; effect of prenatal condition, P = 0.0002; interaction of prenatal condition and UDCA, P = 0.0002. (f) Liver mRNA expression of genes involved in bile acid synthesis. Males, age 19 weeks (16 weeks of experimental diet); n = 8 to 12 per group, three to five litters per group. Cyp7a1: two-way ANOVA, P = 0.0004; effect of UDCA, P , 0.0001. Cyp7b1: two-way ANOVA, P = 0.004; effect of UDCA, P = 0.009; interaction of prenatal condition and UDCA, P = 0.02. (g) Distal ileum mRNA expression of genes involved in bile acid and FGF15 signaling. Males, age 19 weeks (16 weeks of experimental diet); n = 6 to 11 per group, three to five litters per group. Shp: two-way ANOVA, P = 0.002; effect of UDCA, P = 0.02; effect of prenatal, P = 0.01; interaction of prenatal condition and UDCA, P = 0.01. For all graphs, controls are depicted in black, UDCA-treated controls in gray, UN in white, and UDCA-treated UN in hatched gray. An asterisk above the bar graphs denotes P , 0.05 (two-way ANOVA). Tables embedded in the figures summarize results of two-way ANOVA, which tested for effects of prenatal nutrition group, UDCA treatment, and the interaction between the two. Key: *P , 0.05; **P , 0.01; ***P , 0.001 for the two-way ANOVA, or for each of the factors, as indicated. TDC, taurodeoxycholate; TMC, tauromuricholate.
and identified 205 OTUs. Across all time points, UDCA supplementation had a pronounced effect on a-diversity, as judged by OTU richness (overall number of OTUs observed), phylogenetic diversity (branch length on the bacterial tree), and Simpson diversity index (how many OTUs are present and how evenly they are represented) (Supplemental Table 4 ). At 16 weeks, UDCA treatment explained a greater degree of the variance in phylogenetic community structure (as defined by principal coordinates analysis of unweighted UniFrac distances) than did prenatal nutritional status [PERM-ANOVA; 25.8% vs 6%, respectively; Supplemental Table 5 ; Fig. 4(a) ].
We performed indicator species analysis to identify OTUs differing in their representation among the four treatment groups (40) . Seventy OTUs were positively associated with at least one group or pair of treatment groups at .1 time point [ Fig. 4(b) ; Supplemental Table 6 ]. At 2 weeks, there were far more OTUs indicative of UDCA treatment, regardless of prenatal nutritional status, than there were OTUs that differentiated nutritional status across UDCA treatments. Only five OTUs were indicative of C nutritional status at this time point (e.g., OTU 1106101, Porphyromonadaceae), and two OTUs were indicative of UN (e.g., OTU 262095, Clostridium cocleatum), whereas the vast majority were indicative of UDCA (e.g., OTU 363731, Akkermansia muciniphila) or no UDCA (e.g., OTU 837473, Clostridiales) [ Fig. 4(b) ]. The pattern of a greater number of significant indicators being related to UDCA treatment than to prenatal undernutrition persisted over the course of the entire 16-week treatment period [ Fig. 4(b) ; Supplemental Table 6 ].
To examine associations between gut microbiota and metabolic parameters, we performed Spearman rank correlation between OTU abundance and metabolic measurements at the 16-week time point for each treatment group. Mean relative abundances of selected OTUs at each time point, normalized to the maximum treatment group mean at that time point, are plotted for each group of mice (n = 9 to 12 per group). The 97% ID OTUs displayed are significant indicators of one or two groups at a given time point, as defined by indicator species analysis of fecal samples collected from mice [boxes represent significant indicators at a given time point with a false discovery rate (FDR)-corrected P value ,0.05; OTUs displayed have a mean abundance of at least 1% in at least one treatment group in at least one time point; see Supplemental Table 6 for complete list].
Within the UN + UDCA group, one OTU in the family Porphyromonadaceae (330772) was significantly positively correlated with body weight (P = 0.035, Spearman rank correlation; Supplemental Table 7 ; Supplemental  Fig. 7) . Additionally, we identified three OTUs, including two members of the order Clostridiales, that were significantly associated with serum adiponectin levels within the C + UDCA group (Supplemental Table 7 ). Because UDCA treatment had a larger effect on the relative abundances of OTUs than did nutritional status (C vs UN), and because we wanted to have more power to identify correlations, we also combined the C and UN groups within each treatment arm and performed Spearman rank analysis. This approach yielded two OTUs that correlated with fasting serum glucose; one was positively correlated (338796, Oscillibacter sp. g2, a member of the Clostridiales), whereas the other was negatively correlated (a de novo OTU assigned to Olsenella; see Supplemental Table 7 for these and all other significant correlations). We found no significant associations between metabolic markers and OTUs in untreated mice.
Discussion
Recent studies in humans and rodents have suggested possible links between bile acid metabolism and developmental programming. For example, untargeted metabolomic analysis following protein-calorie restriction in mice revealed a marked reduction in the plasma bile acid deoxycholate (41) , and conjugated bile acids were reduced in a mouse model of moderate malnutrition and enteropathy (42) . Moreover, data from humans suggest that early exposure to bile acids can have long-term effects on metabolism. Indeed, infants of women with gestational cholestasis-a rare pregnancy complication characterized by elevated bile salts in the maternal and fetal circulations-have increased risk for insulin resistance and obesity in adolescence (43) . Similarly, cholate supplementation during pregnancy increases diet-induced obesity risk in offspring mice (43) . By contrast, Watanabe et al. (20) demonstrated that postnatal cholate supplementation reduces diet-induced obesity through Tgr5-and Dio2-mediated thermogenesis. Our results demonstrate that the plasma bile acids deoxycholate and b-muricholate are reduced in weanling mice exposed to prenatal undernutrition, and that postnatal UDCA supplementation improved obesity, glycemia, and insulin sensitivity in control, but not in prenatally undernourished, offspring. Collectively, these studies implicate bile acid signaling and metabolism in developmental programming. Whether elevated bile acids are protective or deleterious remains unclear, but these data suggest that nutritional history and timing of exposure may critically alter the metabolic effects of bile acids.
Given that bile acids can have multisystem effects on metabolism, we explored several potential mechanisms for the observed differences in responsiveness of control vs undernourished mice to UDCA supplementation. We noted striking differences in the composition of the bile acid pool across the four experimental groups, which is interesting given that differences in bile acid composition can alter secretion of intestinal hormones, including Glp1 (44) [most likely mediated through differences in individual bile acid affinity for Fxr (45) and Tgr5 (44)]. By contrast, we did not observe any differences in expression of Fxr or Tgr5, or in Fgf15, a circulating regulator of bile acid metabolism. We did, however, note a significant increase in expression of Shp, a nuclear receptor corepressor known to repress bile acid and cholesterol metabolism (46) , in UDCA-treated UN but not control mice, raising the possibility that differences in Shpmediated repression of bile acid signaling might underpin the diminished responsiveness to UDCA in UN mice. This hypothesis remains to be tested in our model.
We also assessed whether UDCA supplementation affected expression of genes involved in bile acid metabolism and signaling. Regardless of prenatal nutritional group, UDCA supplementation resulted in downregulation of Cyp7a1, the rate-limiting enzyme in bile acid synthesis, consistent with previous reports (47) . By contrast, we found that hepatic expression of other enzymes involved in bile acid synthesis (e.g., Cyp27a1, Cyp8b1, and Baat) was largely unaltered across the four experimental groups, as was ileal and hepatic expression of bile acid transporters. However, we observed differential induction of the bile acid synthesis enzyme Cyp7b1 in the C vs UN groups. The effect on Cyp7b1 is notable given recent data showing that overexpression of Cyp7b1 lowers fasting glucose levels and improves hepatic steatosis (48) , raising the possibility that increased Cyp7b1 expression may be related to the metabolic improvements in the C + UDCA group. Levels of 6-or 7-hydroxysteroid or oxysterol intermediates will need to be measured to confirm that increased expression of Cyp7b1 is accompanied by demonstrable increases in enzymatic activity.
Given the key role of the gut microbiota in bile acid metabolism (49) and thus bile acid signaling (50, 51), we examined temporal changes in gut microbiota composition in response to prenatal undernutrition and postnatal UDCA treatment. We identified several OTUs indicative of the various treatment groups, many of which belonged to Clostridiales. Interestingly, members of this bacterial order have been linked to fasting insulin and other metabolic markers of diabetes in humans (52, 53).
We also noted increased abundance of Akkermansia muciniphila in the C + UDCA group at 16 weeks, which is intriguing as several studies link reductions in this bacterium to obesity and diabetes risk (54, 55) , and a recent report demonstrated its alteration during postnatal catchup growth in mice (56) . Moreover, the OTU Porphyromonadaceae, previously linked to lipid metabolism and obesity (57) , was significantly associated with body weight in UDCA-treated mice. However, it is unclear whether the microbiota is a primary determinant of the differential responses of C vs UN mice to UDCA supplementation, or whether the microbiota reflects differences in obesity or glucose metabolism. Future studies, including transplantation of microbiota to germfree recipient mice, will be needed to establish a causal role for the gut community in determining the different metabolic phenotypes produced by UDCA treatment of C vs UN animals.
Obesity is associated with a decrease in the diversity of the gut microbiota in several preclinical models (58, 59) . Increased diversity has been linked to increased fiber intake and protection from long-term weight gain in humans (60) . Some data suggest that HFD, and not obesity, is the primary driver of reduced microbial diversity (61) . Interestingly, in our experiments, UDCA-treated control mice, which are less obese than untreated controls, exhibited reduced diversity, raising the question of how UDCA, in the context of a HFD, exerts this effect on community composition.
We acknowledge several limitations to our study. First, UDCA has minimal affinity for the bile acid receptors FXR and TGR5 (62), so we cannot assess whether the resistance to metabolic improvements that we noted in prenatally undernourished mice is related to bile acid signaling through these pathways. We chose the bile acid UDCA because it has been used clinically in humans (35) and has been shown to improve glucose tolerance and hepatic steatosis (37, 38) . Examining how prenatal nutrition alters responsiveness to other bile acids and assessing the role of FXR, TGR5, and other signaling pathways will be important questions for future studies. We were also unable to fully examine the role of FGF15, a key regulator of bile acid metabolism (39) , in the differential responses to UDCA treatment. Although we did note a trend for increased Fgf15 mRNA expression in the UDCA-treated groups, we could not corroborate as there is currently no reliable assay for mouse FGF15 in plasma. Second, we used the outbred ICR mouse strain; in the absence of detailed genomic analyses, we cannot define the contributions of genetic variation or geneby-environment interactions to the observed differential responsiveness to bile acids. Third, we observed only a transient effect of UDCA treatment on body weight and are still working to identify a mechanistic basis for this time course. Finally, as noted previously, our analysis did not include tests for a causal role for the gut microbiota in the host responses to bile acid supplementation.
In summary, our findings in UDCA-supplemented control mice are consistent with prior observations that bile acids can have protective effects on diet-induced obesity and insulin resistance. By contrast, prenatally undernourished offspring had an altered response to UDCA supplementation, including lack of effect on weight gain, glucose tolerance, and insulin resistance. These discordant metabolic phenotypes were linked to pronounced differences in bile acid composition and associated with changes in gut microbiota configuration. Our results suggest that altered bile acid metabolism may be a previously unrecognized mediator of metabolic disease risk following prenatal undernutrition.
